The rust layer formed on weathering steel possesses a strong protective ability against corrosives in an atmosphere. This ability is related to the structure of the rust layer. The difference in the protective ability of a rust layer in a Cl-rich environment between conventional weathering steel containing Cr and advanced weathering steel containing Ni is believed to be caused by the differences in local structural and chemical properties between alloying elements, Cr and Ni, in the rust layer. In order to examine the effect of these alloying elements on the structure of the rust layer formed on steel in a Cl-rich environment, we have performed Cr and Ni K-edge X-ray absorption near-edge structure (XANES) measurements for the rust layer of Fe-Cr and Fe-Ni binary alloys exposed to a Cl-rich atmosphere using synchrotron radiation. The results of the Cr K-edge XANES measurements for the rust layer of Fe-Cr binary alloys show that the atomic geometry around Cr depends on the concentration of Cr. Therefore, it is expected that the local structure around Cr in the rust layer is unstable. On the other hand, from the results of the Ni K-edge XANES measurements for the rust layer of Fe-Ni binary alloys, Ni is considered to be positioned at a specific site in the crystal structure of a constituent of the rust layer, such as akaganéite or magnetite. As a consequence, Ni negligibly interacts with Cl À ions in the rust layer.
Introduction
The properties of the rust layer formed on the surface of steel affect the corrosion rate of the steel. It is well known that a protective rust layer of weathering steel is responsible for the protection of the steel against corrosives in the atmosphere. Such properties of the rust layer of steel are related to its structure. Therefore, it is important to clarify the detailed structure of the rust layer and to relate it to the protective ability of the rust layer in order to improve the corrosion resistance of steel.
Conventional weathering steel contains small amounts of Cr, P and Cu as anticorrosive alloying elements. The protective property of its rust layer is derived from the densely packed texture 1) of the inner layer of the rust layer, which is composed of ultrafine crystals of Cr-goethite and prevents the penetration of water and corrosive ions from the atmosphere. Additionally, it is notable that the cation selectivity of Cr-goethite enables the high protective ability of the rust layer.
2) Cleary, the role of Cr in the rust layer is very important to the layer's protective property. In the previous work, 3) an X-ray absorption fine structure (XAFS) study using synchrotron radiation was carried out to determine the local structure around Cr in the protective rust layer formed on conventional weathering steel exposed to an industrial environment. From the obtained results, it could be inferred that the CrO X 3À2X complex anion facilitates the formation of the protective rust layer.
However, the corrosion resistance of conventional weathering steel containing Cr is considerably low in a Cl-rich environment. For this reason, advanced weathering steel, which contains a small amount of Ni, has been developed for use in a Cl-rich environment, 4) however, the role of Ni in the rust layer of advanced weathering steel is still unclear. In particular, it is uncertain whether the rust layer formed on advanced weathering steel possesses a protective ability similar to that of conventional weathering steel. From the difference in protective ability between conventional weathering steel and advanced weathering steel in a Cl-rich environment, it is expected that there is a difference in the structure of their respective rust layers, particularly, in the local structural and chemical properties of their alloying elements. Therefore, it is necessary to elucidate these structures in order to understand the protection mechanism of the rust layer of weathering steel.
Alloying elements in the rust layer may affect the local structural and chemical properties of corrosive ions coming from the atmosphere into the rust layer. In previous work, we performed a Cl K-edge X-ray absorption near-edge structure (XANES) study on Cl À ions in the rust layer formed on Febased binary alloys exposed to a Cl-rich environment using synchrotron radiation. 5, 6) The rust samples were obtained from Fe-Cr and Fe-Ni binary alloys exposed to a Cl-rich environment. The measured Cl K-edge XANES spectra of the rust samples resembled that of akaganéite except for a shoulder peak on the main absorption edge. The shoulder peak only appears in the spectrum of the rust layer of the specimens with low alloy content, for which the corrosion rate is relatively high. In particular, the rust layer of the Fe-Cr binary alloy specimens showed a markedly intense shoulder peak.
Cr and Ni differ in their role in the protective ability of the rust layer of steel containing these alloying elements against Cl À ions. Therefore, the fact that the local structural and chemical properties of Cl in the rust layer depend on the type and amount of alloying element suggests differences in local structural and chemical properties between Cr and Ni in the rust layers of the Fe-Cr and Fe-Ni binary alloys.
The purpose of this paper is to compare the features of the Cr and Ni K-edge XANES spectra of the rust layers of Fe-Cr and Fe-Ni binary alloys exposed to a Cl-rich environment in order to understand the difference in the protective ability of the rust layer between these binary alloys from the structural point of view.
Experimental

Sample preparation
The rust samples were provided by the National Institute for Materials Science (NIMS), which has performed extensive atmospheric exposure studies in several test sites in Japan since 1998. 7, 8) These samples are the same as those used in previous Fe and Cl K-edge XANES studies. 5, 6) The methods and results of atmospheric exposure tests performed by NIMS are described elsewhere. 7, 8) The Fe-based binary alloys, Fe-Cr and Fe-Ni, used in our experiments were exposed at the Japan Weathering Test Center at Miyakojima in Okinawa, Japan, at 24 44 0 N (latitude), 125 19 0 E (longitude). The average deposition rates of pollutants, SO 2 and NaCl, in 2000 were 0.026 mg/(dayÁ100 cm 2 ) and 0.352 mg/(dayÁ100 cm 2 ), respectively. The samples were supported horizontally under a metal roof. The exposure period was 3 years. The chemical compositions of the specimens are listed in Table 1 together with the corrosion weight losses.
It was confirmed by microscopic examination performed at NIMS that the rust layer formed on the specimens has a double-layer structure. Obtaining the rust samples for XANES measurements from the surface of the exposed specimens, we intended to separate the inner layer from the outer one to obtain homogeneous samples. After sweeping off the outer layer of the rust layer from the upper surface of a specimen with a nylon brush, the inner layers adhering tightly to the surface of the specimens were scraped off using a razor. We used the latter sample in this measurement. As can be seen in Table 1 , we use the same labels as were defined in the previous report 6) to denote the rust samples.
XANES measurements
The Cr and Ni K-edge XANES measurements were performed using synchrotron radiation at the beamline BL27B of the Photon Factory (PF) of the High Energy Accelerator Research Organization (KEK) in Tsukuba. Xrays were monochromatized using a double-crystal monochromator equipped with Si (111) flat crystals. A nickelcoated plane mirror was used for the elimination of higher harmonics in the Ni K-edge XANES measurements. However, the mirror could not be utilized at low energies because of the limitation of the reflected angle, as previously mentioned. 6) Therefore, the elimination of higher harmonics was performed by 50% detuning of the double-crystal monochromator in the Cr K-edge XANES measurements.
Cr K-edge XANES spectra were measured by the transmission method. The intensities of incident and transmitted X-rays were measured with ion chambers filled with pure N 2 gas and a gas mixture of 50% N 2 and 50% Ar, respectively. The powder samples were mixed with boron nitride (BN) powder and compressed into tablets to obtain homogeneous samples with suitable absorption coefficients, in other words, an appropriate effective thickness. In the calculation of the weight ratio of the rust sample to BN, we assumed all the rust samples to be goethite.
Ni K-edge XANES spectra were measured by the fluorescence method using a 7-element germanium array detector produced by Canberra Industries. The intensity of monochromatic incident X-rays was monitored using an ion chamber filled with N 2 gas. The powder sample was spread over Scotch tape and the tape was supported in the atmosphere at an angle of approximately 45 degrees to the monochromatic X-ray beam. The detector was placed at right angles to the monochromatic incident X-ray beam in order to reduce the background generated by Thomson scattering from the sample.
In order to correct the background absorption due to supporting materials and the L-shell of the absorbing atom, the linear background determined in the pre-edge region was subtracted from the raw data. Each spectrum was normalized at the maximum of the main absorption above the absorption edge.
Results and Discussion
Local structure around Cr
Cr K-edge XANES spectra of the rust samples of the Fe-Cr binary alloys (H125, I125 and J125) are shown in Fig. 1 . We measured the spectra for every sample under the same conditions repeatedly, more than twice, and estimated the statistical error to be approximately 2.5%. This deviation is less than the maximum differences observed between the spectra in the vicinity of the energy of minimum absorbance above the main absorption edge, approximately 6018 and 6038 eV. However, we summed the respective measured intensities of incident and transmitted X-rays obtained in the repeated measurements at every photon energy point and show spectra for the total counting time in Fig. 1 . Therefore, the statistical error of the spectra shown in Fig. 1 must actually be less than 2.5%. We should note that the spectra shown in Fig. 1 are not identical and depend on the Cr content of the specimens. The difference among the spectra is larger than the error. Therefore, the differences observed in the Cr K-edge XANES spectra among the rust samples of the Fe-Cr binary alloys correspond to the intrinsic local structural and chemical properties of Cr in the rust layer.
Since the XANES spectra are very sensitive to changes in the local structural and chemical properties of an absorbing atom in general, the variations observed in the Cr K-edge XANES spectra of the rust samples show that the characteristics of the atomic geometry around Cr, e.g. the bond length and bond angle between Cr and its nearest-neighboring atoms in the rust layer, depend on the Cr content in the Fe-Cr alloy. This indicates that the density of Cr affects the bond length and the bond angle between Cr and its nearest-neighboring atoms. Therefore, it is concluded that the local structure around Cr is unstable in a certain Cr density range.
From the above result, it is expected that Cr is not positioned at a specific site in the crystal structure of a constituent of the rust layer; it is expected that, Cr or a molecule containing Cr is located at the surface or grain boundary of the crystal particles of the constituents of the rust layer. In this model, the probability that Cr or a molecule containing Cr in the rust layer meets corrosive ions coming from the atmosphere is considered to be relatively high. Therefore, it is expected that the role of Cr in the protective ability of the rust layer is suppressed by corrosive ions relatively intensively.
As mentioned in the introduction, the Cl K-edge XANES spectra, characterized by a shoulder peak on the main absorption edge, of the same rust samples also depend on the Cr content. This shoulder peak clearly appears only in the spectrum of the rust sample of the Fe-Cr binary alloy specimen with low alloy content. By comparison with the spectra of well-known chlorides, it could be concluded that the Cr in the rust sample probably does not combine directly with Cl, although it is clear that both the Cr and Cl K-edge XANES spectra were affected by the Cr content. As the local structure around Cr is unstable as mentioned above, these results indicate that Cr interacts weakly with Cl even if Cr and Cl are separated by other atoms or ions.
Local structure around Ni
The Ni K-edge XANES spectra of the rust samples of the Fe-Ni binary alloys (D125, E125 and F125) are shown in Fig. 2 . All the spectra of the rust samples are reasonably similar in the statistical error range, which was estimated to be less than 3% in the same manner as in the Cr K-edge XANES study.
Different from the Cr K-edge XANES spectra of the rust layer of the Fe-Cr binary alloys, the Ni K-edge XANES spectra of the rust layer of the Fe-Ni binary alloys do not vary with Ni alloy content. Therefore, the local structure around Ni in the rust layer is invariant, at least under 9% of Ni alloy content. Naturally, it is expected that Ni is positioned at a specific site in a definite crystal structure of the constituents of the rust layer. As long as the number of these sites is larger than the number of Ni ions in the rust layer, the local structure around Ni in the rust layer must be unique. Akaganéite and magnetite are most likely to be such constituents among the main components of the rust, which were determined by previous Fe-edge XANES measurements.
The crystal system of akaganéite is usually tetragonal. However, Post and Buchwald found monoclinic akaganéite containing Ni in an iron-nickel meteorite as which substitutes for Fe 2þ and/or Fe 3þ is stable under air oxidation.
11) It is difficult to distinguish the Fe 3þ sites between akaganéite and magnetite using the XANES method because the atomic geometries around the Fe 3þ sites of goethite and magnetite are almost identical. However, when Ni is positioned at a specific site in the crystal structure, extended X-ray absorption fine structure (EXAFS) analysis or X-ray diffraction analysis with the anomalous dispersive effect is useful in determining the constituent of the rust layer containing Ni. These studies should be performed in future work.
As Ni is positioned at a specific site in the crystal structure of a constituent of the rust layer, it is expected that, in contrast with the local structure around Cr, the local structure around Ni is not affected by Cl. In other words, the function of Ni in forming the protective rust layer, which we cannot explain in detail at present, is not affected by the presence of Cl À ions. Consequently, Ni is more useful than Cr for improving the protective ability of the rust layer of steel in a Cl-rich environment.
Conclusion
Structural studies of the rust of Fe-Cr and Fe-Ni binary alloys exposed to a Cl-rich atmosphere have been performed using synchrotron radiation X-rays. The Cr K-edge XANES spectra of the rust of the Fe-Cr binary alloys depend on the Cr alloy content. This shows that the local structural and chemical properties of Cr in the rust layer are not invariant with the density of Cr in the rust layer. Therefore, the local structure around Cr is unstable and Cr is probably located at the surface or grain boundary of the crystals of the constituents of the rust. Consequently, it is expected that Cr interacts with corrosive ions relatively intensively in comparison with the case of Ni.
In contrast, the results of Ni K-edge XANES measurements show that the local structural and chemical properties of Ni in the rust layer are unique in a certain Ni content range. Therefore, it is expected that Ni substitutes for a specific site in the crystal structure of a constituent of the rust layer, which may be akaganéite or magnetite.
The difference in the structure of the rust layer between FeCr and Fe-Ni binary alloys in a Cl-rich environment suggests that Cr and Ni differ with respect to the effect of Cl À ions on the formation of the protective rust layer. Cl À ions probably affect Cr by preventing it from contributing to the protective ability of the rust layer. On the other hand, Ni negligibly interacts with Cl À ions because Ni is positioned at a specific site in the crystal structure, so that Cl À ions cannot approach Ni in the rust.
